Abstract: In this paper, we present a method of velocity measurement using of a novel selfmixing velocimeter with orthogonal-beam incident system (OSMV), which enables the velocity measurement without knowing the incident angle information. The fiber ring laser used could provide a stable and narrow-width laser light source, which could enhance the stability and the signal-to-noise ratio of the novel self-mixing fiber ring laser velocimeter. The result indicates a much better linearity of our novel velocimeter than the traditional one in the turntable experiment due to the use of the orthogonal-beam incident system and fiber ring laser source. The relative error rates of our novel velocimeter system are up to 1.258% in contrast with the 13.720% result of the traditional one.
Introduction
A laser Doppler velocimeter (LDV) is employed to measure the velocity of a target by means of measuring the Doppler shift of light frequencies. As well known, LDV has several advantages of high resolution, wideband range, and non-contact measurement making it attract much attention [1] . In the industrial application areas, the laser interferometer technique is used to measure the Doppler shift frequency for velocity measurement. However, traditional LDV based on the Michelson and Mach-Zehnder interferometry technique requires complex construction and alignment to build up [2] - [4] . In recent years, self-mixing interference (SMI) has been studied by many groups mainly based on the advantages of self-alignment and operation on a normal diffusing target surface to measure distance [5] , [6] , displacements [7] , [8] , vibrations [9] , [10] , particularly applied in LDV [11] , [12] which is called SM-LDV.
However, the traditional SM-LDV needs accurate incident angle information of the laser beam in order to obtain the accurate value of velocity. Actually, in the SM-LDV, the incident angle always affects the calculation of the target's velocity by the value of 1=cos [13] . Thus, slight variation in the angle measurement would lead to great error which is difficult to compensate. On the other hand, the SM-LDV with laser diode has insufficient power to provide for a high signal-to-noise ratio (SNR) and stable wavelength in many practical applications [14] .
Although a lot of efforts have been spent on improving SM-LDV with laser diode, the problem still exists, and the effective method has to be developed. During the past decades, due to the potential applications in fiber communication technique and fiber sensing system, fiber lasers have attracted considerable interest. Fiber laser is constructed by all-fiber and optical elements with no need to accommodate and maintenance which is able to operate stably over a long period of time in fiber sensing system. At the same time, erbium-doped fiber laser operates on C-band which is relatively safe for the eyes [15] . Therefore, a fiber ring laser is appropriate to be employed in fiber sensing system. In addition, SMI in fiber ring laser has also been explored by many groups. The pioneer work can be traced back to the application in vibration measurement [16] , [17] . In the previous work, our group has also devoted to SMI measurement with fiber ring laser and fiber linear laser in applications to metrology [18] - [20] .
In this paper, we present a method of velocity measurement using of a novel self-mixing velocimeter with orthogonal-beam incident system (OSMV) which enables the velocity measurement without knowing the incident angle information. By combining the orthogonal-beam incident system with the fiber ring laser self-mixing technique, the velocity measurement becomes more convenient and accurate. In Section 2, the fiber ring laser self-mixing model was built up and the principle of velocity measurement based on the OSMV was analyzed in detail. In Section 3, the experimental setup of OSMV was established for velocity measurement of a turntable. The experimental results show a better linearity in the velocity measurements using the OSMV. The velocity measurement of the OSMV is much more accurate than the traditional one.
Self-Mixing Model and Theoretical Analysis
We have built a fiber ring laser as a self-mixing interference source of OSMV. Fig. 1 shows the proposed fiber ring laser which contains an Er-doped fiber (EDF) used as a gain medium. A wavelength-division multiplexer (WDM) is employed to couple the pump light from a 980-nm laser diode into the EDF with P in p representing the power of the pump light source. P in p;s and P out p;s are the powers of the input and the output of the EDF. By using a coupler with a split ratio should be ð1 À Þ: , the light is split into two parts, the feedback ðP seed Þ and the output light ðP Laser Þ. Fiber Bragg Grating (FBG) acts as a full-reflecting mirror and a wavelength selector with a reflectivity r 1 . " 1 and " 2 represent the total attenuation factors including insertion loss. According to the expression of output power based on deduction from the amplifier equations for EDF and the steady-state solutions to the rate equations, the power of pump light and the power of signal light can be written as
where the subscripts p and s refer to the pump and laser wavelengths, respectively, denotes the small signal absorption coefficient, L is the length of EDF, P abs p and P abs s are the variable values of the pump and signal light power, while P ss and P ps denote saturation powers of signal and pump light. P seed is introduced as the total power of backscatter light from the target and the light reflected by FBG, which is given as
From Eq. (1)- (3), we can obtain the following expression for the power of a signal:
Here, P ss can be written as P ss ¼ hA One point should be mentioned, a saturable absorber has been inserted between the coupler and the FBG which consists of an un-pumped EDF. The un-pumped EDF would absorb the excess longitudinal mode and function as a narrow bandwidth filter [21] . This induced filter could provide a fine mode selection and observably depressed frequency hop to guarantee a steady narrow linewidth and outstanding coherency fiber ring laser. In practice, it is feasible for us to employ the fiber ring laser as an interference source in remote and noisy measurement environment.
The expression related the unperturbed emitted optical frequency 0 to the actual oscillation frequency is given by
C and D represent the optical coupling coefficient and the external time-of-flight from the target to the front facet of the laser diode, respectively. According to the Doppler principle, the velocity of the target can be written as
From the Eq. (6), the velocity of a target is proportional to the generated Doppler frequency by external target movement and the wavelength of the emitting laser source. However, the higher Doppler frequency corresponds to the higher sampling frequency, which is limited by the digital-toanalogue converter (PCI-6251) with an upper limit of 1.25 MHz. In practice, the range of velocity measurement is limited by the system bandwidth which is less than half of the sampling frequency according to the sampling theorem [22] . Thus, we prefer to employ a longer wavelength laser, for instance fiber laser, as a laser source in order to decrease the Doppler frequency and increase the range of velocity measurement.
At the same time, as mentioned in the introduction part, one challenge in the traditional SM-LDV is the incident angle that affects the calculation of the target's velocity value by 1=cos. Fig. 2 illustrates the relationship between the angle variation and the traditional SM-LDV system error. Obviously, based on the above analysis, slight variation in the angle measurement will lead to greater error in velocity measurement. When the incident angle is increased from 10 to 70 , an error caused by a certain value of variation ðAE2 Þ would grow at least by ten times. Furthermore, once angle variation exceeds AE2
, the error would be up to 6% ð ¼ 60 Þ which is absolutely intolerant in the SM-LDV system.
In this paper, we present a method of velocity measurement by employing OSMV which enables the velocity measurement without knowing the incident angle information. Variation in the angle measurements is no longer the influential factor of velocity measurement which makes the velocity measurement more accurate.
As shown in Fig. 3 there are two independent collimators at the end of the fiber ring laser's output port which are located perpendicularly on the three dimensional adjustable support bracket. In our OSMV configuration, the three dimensional adjustable support bracket is employed to regulate the collimators on vertical and horizontal shift directions to measure velocity at a certain point of the turntable. The turntable rotates, and the measured point generates a tangential velocity which can be decomposed into two velocity components V sin and V cos in orthogonal directions corresponding to the two Doppler frequency shifts peaks f D1 and f D2 . It is necessary that the two beams are fitted perpendicularly, the Doppler frequency shifts of the tangential velocity of the measured point can be written as
V represents the tangential velocity of the measured point, f D1 and f D2 correspond to the Dopplershift frequencies of the beam 1 and 2, respectively. Eq. (7) indicates that the velocity is not dependent on the incident angle of each beam, but only dependent on the value of the sum of squared V sin and V cos (see Fig. 4 ). As shown above, Fig. 5(a) is the simulated output power of OSMV while Fig. 5(b) is the Fast Fourier Transform (FFT) spectrum of the simulated output power without taking the relaxation oscillation peak into consideration. There are two main signal peaks representing the two components of the two orthogonal velocities, respectively. Other peaks are the second harmonic and the third harmonic of the signal of the two orthogonal velocities. The parameters used in our simulations are given in Table 1 .
The simulated result of OSMV affected by the turntable is dependent on the value of the sum of squared V sin and V cos . In practice, the velocities can be obtained by the spectrum analyzer recording the Doppler frequency shifts or counting interference peaks to calculate Doppler shift frequencies. the two climators. The fiber optical circulator is utilized to prevent unwanted feedback into the laser cavity and guarantee unidirectional operation of the traveling-wave ring cavity.
Experimental Results
The pump light is coupled into the ring cavity through a WDM and the signal is amplified by the EDF. We fitted the two collimators onto the three dimensional adjustable support bracket. In our setup, the turntable is driven by a motor (Feiteng 41K2.5RGN-C) and engender a tangential velocity at the measured point. Then the two collimating lens receive the feedback light from the surface of the turntable with different velocity components. A fast InGaAs photodiode is connected to the end of the coupler 2 to observe the experimental signal of LDV. In addition, the signal is processed by the signal processing unit, comprised of an amplifying and a filtering circuit in order to get good SNR.
The experimental result of our OSMV system is shown in Fig. 7 . An LDV signal was obtained by an oscilloscope (Tektronix TDS 3052B, 500 MHz) when the two collimators received the feedback light from the turntable's surface. Self-mixing interferences result in some periodic variations of the emitting optical power corresponding to the velocity components.
In Fig. 8 we can observe the experimental result of measuring the turntable at a velocity of 34.027 mm/s with ¼ 62 using the OSMV. The digital output is obtained by D/A converter which is processed by LabVIEW. There are two signal peaks which are caused by different velocity components with the first peak 20.652 kHz for V sin and the second one 38.163 kHz represented for The simulation parameters for fiber ring laser V cos . The third one is the relaxation oscillation peak caused by the interaction between laser radiation and operation material.
The frequencies of the signal peaks are proportional to the velocity of the turntable as described in Eq. (6). The tangential velocities of the rotating turntable at different positions are able to be calculated through the Eq. (7).
As shown in Fig. 9 , the blue line is the theoretical result of turntable velocity as a function of the radius of the turntable. The black spots represent the velocities measured by the OSMV with ¼ 60 and the turntable located at 5.4 cm, while the red spots represent velocities of the traditional SM-LDV. Obviously, the results of the OSMV have a good linearity that is much better than the traditional SM-LDV. The relative error rates are up to 1.258% of the OSMV in contrast with 13.720% of the traditional one. The results of the rotating velocity of the turntable with OSMV are only dependent on the value of the sum of squared V sin and V cos . As a consequence, variation in the different angle measurements is no longer the influential factor of velocity measurement. In practice, we have made a compact construction which is able to be slid to regularize the length of the arms of the sensor. When the arms of the sensor which hold the collimators are lengthened, we are able to measure a longer distance. And, according to your suggestions, we have done further experiments with different distances and different incident angles from fiber ends to an external reflector. Fig. 10(a) shows the experimental results of the calculated velocities measured by OSMV with ¼ 75 where the distance from turntable to fiber ends is 6.8 cm, 9.5 cm, and 12.3 cm, respectively. Accordingly, Fig. 10(b) represents the results with the distance at 9.5 cm where is equal to 45 , 65 , and 85 , respectively. From the linear fit of Doppler shift versus velocities, we can compare the results of the calculated velocities with different distances and incident angles by the residual sum of squares (RSS) and Pearson's r. In statistics, the RSS and Pearson's r are measures of the discrepancy between the data and an estimation model. A small RSS indicates a tight fit of the model to the data. To be compared, the RSS of the three lines in Fig. 10(a) are 81.22345, 74.52984, and 64.60655, and Pearson's r are 0.99951, 0.99934, and 0.99942, respectively. Similarly, the RSS of the three lines in Fig. 10(b) are 96.0432, 107.60636, and 115.30904, and Pearson's r are 0.99929, 0.99923, and 0.999887, respectively. Based on the data above, it is obviously found that the measurement accuracy and measurement range of the OSMV would not be influenced by different distances and different incident angles greatly. Furthermore, in our experimental setup of OSMV, we can insert a long distance fiber as the pigtail into the OSMV to monitor the velocity in the remote distance which has been verified performed well in our previous works [23] . The operating distance is enough for many different measurement requirements in practice.
Note that the fiber ring laser with a saturable absorber could provide a pretty good performance with a stable and ultra-narrow linewidth. Generally, by combining the orthogonal-beam incident system and the self-mixing technique, it is realized that the velocity measurement becomes more accurate and reliable.
Conclusion
This work describes a new type self-mixing fiber ring laser velocimeter. In our configuration, there are two collimators at the end of the fiber ring laser's output port which are fixed perpendicularly on the three dimensional adjustable support bracket, making sure that the two-beam incident is on the target. As a consequence, the velocity is not dependent on the incident angle of each beam, but dependent only on the value of the sum of the squared V sin and V cos . The fiber ring laser provides a stable and narrow-width laser light source which could enhance the stability and the SNR of the signal in our OSMV. By combining the orthogonal-beam incident system with the fiber ring laser selfmixing technique, it is realized that the velocity measurement becomes more accurate and reliable. , 65 , 85 and the turntable locating at 9.5cm away from the fiber ends.
